Purpose: The aim of this study was to evaluate the efficacy and tolerability of perampanel as adjunctive therapy in childhood-onset refractory epilepsy. Methods: We retrospectively reviewed the medical records of 110 patients who were treated with perampanel in Asan Medical Center children's hospital. Two patients with poor compliance were excluded and 108 patients were enrolled. The clinical characteristics were reviewed, and the total seizure frequency before and after the add-on of perampanel was analyzed. Results: The mean age of the patients (64 males) was 20.2 years (range, 10.5 to 35.6). The mean maintenance dose was 4.8 mg/day (2 to 10 mg). Eight patients (7.4%) achieved seizure freedom and 35 (32.4%) achieved a seizure reduction of ≥50%. Among them, three patients achieved seizure freedom with only 2 mg/day of perampanel. There was no significant difference in sex, age at seizure onset, duration of epilepsy, use of concomitant enzyme-inducing antiepileptic drugs, number of concomitant antiepileptic drugs, and adverse events between responders and non-responders. The retention rate was up to 68.0% in the first year and 59.5% in the second year of the study. Thirty-four patients (31.5%) reported adverse events: violence, somnolence, dizziness, drooling, weight gain, insomnia, and vomiting. There was no contributing factor for the adverse events, including sex, age, and the number of concomitant antiepileptic drugs and enzyme-inducing antiepileptic drugs when comparing the adverse event present group with the adverse event absent group. Conclusion: Low-dose perampanel showed reasonable efficacy and tolerability in patients with refractory childhood-onset epilepsy. Further validation with pharmacokinetic studies is needed.
Introduction
Childhood-onset epilepsy is a common neurological disease that affects approximately 0.5 to 1 in every 100 children and young people [1] . Despite the many newly developed antiepileptic drugs (AEDs), 20% to 30% of patients do not achieve acceptable seizure control with the current pharmacotherapy. Drug-resistant seizures can cause cognitive impairment, behavioral and mental health problems, and eventual deterioration of their quality of life [2] . Thus, early seizure control with appropriate AEDs is very important for patients with epilepsy.
Perampanel (PER) is a highly selective, non-competitive, orally active antagonist of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors for glutamate, the major excitatory neurotransmitter in the central nervous system [3] [4] [5] . The role of AMPA receptors in the generation and spread of epileptic seizures has been demonstrated in many studies [6] [7] [8] [9] [10] . Overexpression of AMPA receptors is also observed in the hippocampal and neocortical tissue of patients with epilepsy [11, 12] . PER is mainly metabolized in the liver by cytochrome P450 (CYP3A4/6); therefore, enzyme-inducing antiepileptic drugs (EIAEDs), such as carbamazepine (CBZ), oxcarbazepine (OXC), and phenytoin (PHT), can reduce its concentrations up to 50% to 60% [13] and concomitant use of EIAEDs has been reported as a clinical factor for poor response to PER and concomitant use of EIAEDs has been reported as a clinical factor for poor response to PER [14] . PER was initially approved for adjunctive treatment of focal seizures (with or without secondarily generalized seizures) in patients with epilepsy aged ≥12 years [15] . Lately, the U.S. Food and Drug Administration expanded its indication to monotherapy for focal seizures and pediatric patients ≥4 years [16, 17] . Several prospective and retrospective studies have examined the efficacy and tolerability of PER as an adjunctive AED for epilepsy. They reported that PER can reduce the seizure frequency by at least 50% in 34% to 57% of patients with intractable epilepsy [2, [18] [19] [20] [21] [22] [23] [24] [25] [26] .
In this study, we aimed to examine the tolerability and efficacy of PER as adjunctive therapy in patients with childhood onset epilepsy. In addition, we attempted to determine the possible factors associated with the response rate and adverse events.
Materials and Methods
We retrospectively reviewed the medical records of 110 patients who were treated with PER as adjunctive therapy in the Asan Medical Center Children' s Hospital between May 2016 and May 2018.
We included patients with drug-resistant epilepsy, which was defined as having uncontrolled seizures even with two or more appropriate AEDs. Two patients with poor compliance were excluded and 108 patients were enrolled. This retrospective study was exempt from informed consent per our institutional policies and approved by the Institutional Review Board of Asan Medical Center (2019-1058).
The baseline characteristics, including age, gender, seizure onset, and concomitant AEDs were documented from the electronic medical records. We evaluated the efficacy of PER by comparing the total seizure frequency during 3 months before and after the add-on of PER. The seizure frequency was divided into five categories: seizure-free, seizure reduction ≥50%, seizure reduction < 50%, no change, and aggravated. Patients who achieved seizure freedom and seizure frequency reduction ≥ 50% were assigned into the responder group, and the others were assigned into the non-responder group.
The clinical profiles of the patients in both groups were compared, including the age, gender, daily PER dose, number of concomitant AEDs, and the concomitant use of EIAEDs. The dose-related efficacy was also evaluated.
Tolerability was accessed through review of the medical records for the occurrence of adverse events after the addition of PER, as well as by retention rate measurement. According to the presence of adverse events, the patients were divided into two groups: adverse event present group and adverse event absent group. The clinical profiles of the patients in both groups were compared, including the age, gender, daily PER dose, and the number of concomitant AEDs. The retention rate was calculated using the Kaplan-Meier analysis. Statistical analysis was performed using Pearson's chi-square test and Fisher's exact test for categorical variables. SPSS software version 21.0 (IBM Co., Armonk, NY, USA) was used for descriptive and statistical analysis. A probability value of P<0.05 was considered statistically significant.
Results

Demographic and baseline characteristics of patients
A total of 108 patients were included in the analysis. The median follow-up duration after the start of PER was 15 months (range, 3 to 24). The mean age was 20.2 years (range, 10.5 to 35.6) and 64 patients were male. The mean age at the time of the first seizure attack was 8.0 ± 5.8 years (range, 0.0 to 29.2). The mean number of concomitant AEDs was 3.8 ± 1.0 (range, 2 to 7) ( Table 1 ). The mean maintenance dose was 4.8 mg/day (2 to 10 mg). PER was initiated at a dose of 2 mg once daily at bedtime and the dose was gradually increased in increments of 2 mg at intervals of at least 1 week, while monitoring the seizure frequency and adverse events occurrence. The most commonly used AEDs with PER were clobazam (73.6%), topiramate (54.5%), levetiracetam (51.8%), valproate (38.2%), and lamotrigine (38.2%). The number of patients who were taking EIAEDs (OXC, CBZ, or PHT) were 33 (30%), 15 (13.6%), and two (1.8%), respectively.
Efficacy
Among the 108 patients, 43 were classified as responders (43/108, 39.8%), including eight (7.4%) who achieved seizure freedom and 35 (32.4%) who achieved ≥50% seizure reduction. Sixty-five patients (60.2%) were classified as non-responders; 17 (15.7%) with less than 50% seizure reduction, 34 (31.5%) with no change, and 14 (13%) with seizure aggravation after the addition of PER ( Fig. 1 ).
There was no significant difference in the sex, age at seizure onset, duration of epilepsy, number of concomitant AEDs, and adverse events between the two groups ( Table 2 ). The maintenance dose of PER was slightly higher in the responders than in the non-responders (5.3 vs. 4.4, respectively; P = 0.04). Only nine of 29 patients treated with 2 mg of PER were responders. There were 46 patients who could tolerate PER at a higher dose (6 to 10 mg). Among them, 23 patients (50%) achieved ≥ 50% seizure reduction. The response rate at each dose of PER was 0% (0/1) at 1 mg; 31.0% (9/29) at 2 mg; 33.3% (10/30) at 4 mg; 50% (1/2) at 5 mg; 44% (11/25) at 6 mg; 100% (2/2) at 7 mg; 46.7% (7/15) at 8 mg; and 75% (3/4) at a dose of 10 mg ( Fig. 2A) . Duration of PER treatment was much longer in the responders than in the non-responders 13.5 months vs. 8.7 months, respectively; P = 0.03). The number of patients who eventually stopped PER was higher in the non-responders than in the responders (30 vs. 4, respectively; P <0.001). Patients taking EIAEDs showed a similar response rate when comparing the overall efficacy (CBZ 15/33, 44%; OXC 6/15, 40%; PHT 1/2 50%).
Five of 10 patients (50.0%) who were started on PER as the non-motor seizure (n = 1), focal impaired awareness motor seizure (n = 4), and generalized motor seizure (n = 3). Four of them had undergone a prior epilepsy surgery or vagus nerve stimulation due to uncontrolled seizures but had no significant improvement in the seizure frequency. The mean maintenance dose was 4.25 mg/day (n = 3, 2 mg; n = 3, 4 mg; and n = 2, 8 mg). Three of these patients maintained seizure freedom at a PER dose of 2 mg.
Tolerability
Thirty-four patients (31.2%) reported any adverse events: violence (15/108), somnolence (8/108), dizziness (8/108), drooling (2/108), weight gain (2/108), insomnia (2/108), and vomiting (1/108) (Fig. 3) .
The mean daily dose of PER in patients who experienced adverse effects was 4 mg/day (1 to 10 mg). Twenty-three patients (23/59, 39%) experienced adverse events at a lower dose of 1 to 4 mg while seven patients (7/30, 23%) showed adverse events at 5 to 7 mg and four patients (4/19, 21%) at the dose ≥8 mg (Fig. 2B ).
There was no significant difference in the sex, age at add-on of PER, and the number of concomitant AEDs between the adverse event group present and adverse event absent group (Table 3) . Patients taking EIAEDs had a similar adverse event rate to the overall adverse event rate (CBZ 10/33, 33%; OXC 6/15, 40%; PHT 1/2, 50%).
The retention rate was 68.0% in the first year and 59.5% in the second year of the study (Fig. 4) . PER was discontinued in 34 patients because of seizure aggravation (12/34) or occurrence of neuropsychiatric adverse events (dizziness, violence, somnolence Response rate at dose of ≤4 mg was 31.7% while response rate at dose of 5 to 7 mg was 48.7% and 52.6% at dose of ≥8 mg. Patients who could tolerate PER up to a higher dose had a tendency to relatively better seizure outcomes than that of patients who received lower-dose PER. The response rates at each dose are listed (0% [0/1] at 1 mg; 31.0% [9/29] There was no association between the daily dose and adverse events rate. Twenty-three patients of the 34 in the adverse event group experienced an adverse event at only 1 to 4 mg, whereas 11 patients experienced adverse events during the increasing of the PER dose up to 5 to 10 mg (seven adverse events at 5 to 7 mg; four adverse events at dose of ≥8 mg). Fig. 3 . Number of adverse events reported by patients after addup of perampanel (PER). Violence (n=15) was the most common adverse event, followed by dizziness (n=8) and somnolence (n=8). Non-neuropsychiatric adverse events included drooling (n=2), weight gain (n=2), and vomiting (n=2). Patients who experienced seizure aggravation after the addition of PER were excluded.
third AED were responders (three achieved seizure freedom and two achieved ≥50% seizure reduction). When PER was added as the fourth, fifth, or sixth AED, the response rate was 36.7% (11/30), 41.8% (18/43), and 21% (4/19), respectively.
There were eight patients who achieved seizure freedom. They had various etiologies-structural (n = 3), unknown (n = 4), and Gaucher disease (n = 1)-and seizure types-focal aware or insomnia, 14/34). Among them, four patients showed seizure aggravation and neuropsychiatric adverse events at the same time. Seven patients who showed no improvement in seizure frequency stopped the PER and one patient who achieved seizure freedom stopped the PER maintain the seizure freedom status after discontinuation of PER. Among 34 patients who experienced any adverse events, 13 patients stopped the PER immediately and nine patients tried to reduce daily PER dose. Despite PER dose reduction, six patients quitted the PER eventually. After withdrawal of the drug, the neuropsychiatric symptoms spontaneously resolved within weeks in all patients.
Discussion
This single-center, retrospective study supports the efficacy and tolerability of PER when used as an adjuvant treatment in patients with refractory epilepsy. There have been many studies on the efficacy and safety of PER, from randomized placebo-controlled trials to postmarketing observational studies [18] [19] [20] [21] [22] [24] [25] [26] [27] [28] . Singh et al. [23] reported a 50% response rate ( ≥50% seizure reduction) in children and adults with various epilepsy syndromes with a mean daily dose of PER of 6.5 ± 3.1 mg (mean, 6) . In an open-label extension study, Montouris et al. [27] increased the dose of PER to 12 mg/day or up to the maximally tolerated individual dose. They reported a 55% response rate (≥50% seizure reduction) with a mean daily dose of 10.6 ± 2.3 mg/day [27] . The response rate (≥50% seizure reduction) in our study was slightly lower than those in the previous studies, which could be explained by the relatively lower mean daily dose of 4.8 mg/day than those in the other study groups. Several recent studies supported the positive association between the dose and efficacy of PER [28, 29] . In fact, the mean daily dose in the responder group patients who achieved ≥ 50% seizure reduction in this study was slightly higher than that in the non-responder group (5.3 vs. 4.4, P= 0.04).
Sixty patients among 108 patients maintain the daily PER dose ≤ 4 mg and nineteen of them (37%, 19/60) were responders in this study. Comparing to previous reports, more patients were treated with lower dose of 1 to 4 mg. De Liso et al. [18] reported that 12 patients are treated with 1 to 4 mg among 62 patients who enrolled in multicenter observational study. In a recent retrospective study in Korea, Youn et al. [30] reported only seven patients maintain the daily PER dose of 1 to 4 mg and showed ≥ 50% seizure reduction among 81 enrolled patients, showing that our results were not explained by difference in ethnic groups. The patients in this study had already used more AEDs (mean, 3.8; median, 4; maximum, 7; minimum, 2; interquartile range, 3 to 4) than [31, 32] . Our findings also support these opinions. The duration of PER treatment was much longer in the responder group than non-responder group (13.5 months vs. 8.7 months, P = 0.03). This difference could be explained by that there were much more patients who decided PER discontinuation in non-responder group (30 vs. 4, P= 0.00). There was no statistical difference in any other clinical factors between the responders and non-responders, including sex, age at seizure onset, duration of epilepsy, number of concomitant AEDs, concomitant EIAEDs and adverse events (%).
In fact, the patients who were started on PER (n = 10) as the third AED showed a better response rate (50%) than that in the other patients. A previous study also reported a better response rate in the patients in whom PER was added early (after ≤ 2 prior AEDs; 72% were seizure-free) than that in patients in whom PER was added later ( ≥ 3 prior AEDs; 52% were seizure-free) [33] .
The overall adverse event rate was 31.5% (34/108), which is much lower than that reported in previous studies and can also be explained with the lower mean daily dose. Nevertheless, some patients showed psychiatric adverse events at a dose of only 2 mg and eventually stopped taking the drug. The neuropsychiatric symptoms comprised 87% of all adverse events. The occurrence of psychiatric and neurologic symptoms after PER add-on was the main reason for drug withdrawal or dose reduction [22, 23, 30, 34] . However, almost every patient who experienced psychiatric adverse events showed improvement in the symptoms after withdrawal of the drug or dose reduction. The clinical factors associated with the adverse events after addition of PER are not fully understood [30, 34] . There were no contributing factors for adverse events, including sex, age, and number of concomitant AEDs and EIAEDs when comparing the adverse event present group with adverse event absent group.
PER is known to be extensively metabolized by the hepatic CY-P3A4. Concomitant drugs that modulate CYP3A4 activity can reduce the half-life of PER by 50% to 70%, resulting in lower PER serum concentrations [13, 29, 35] . However, EIAEDs had no significant effects on the efficacy and adverse event rate in this study. The interpersonal difference in the enzyme activity according to inherited genetics and use of other concomitant drugs can be considered. Further studies monitoring the serum concentration and CYP3A4 genetics could help find the optimal dose titration of PER.
There are some limitations of this study, including the retrospective design, the lack of seizure frequency data according to seizure types, and variable dose titration schedules. However, this study showed that low-dose PER is effective in patients with childhood-onset intractable epilepsy with good tolerability. Further, well-designed prospective study monitoring the serum concentration of PER can help determine the proper dose of PER in children and young adults with intractable epilepsy.
In conclusion, we demonstrated that PER is reasonably effective and tolerable in patients with refractory childhood-onset epilepsy. Tolerable low dose PER can be another choice for patients with intractable epilepsy.
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